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Abstract 26 
Ground ice and sedimentary records of a pingo exposure reveal insights into Holocene permafrost, 27 
landscape and climate dynamics. Early to mid-Holocene thermokarst lake deposits contain rich floral 28 
and faunal palaeo-assemblages, which indicate lake shrinkage and decreasing summer temperatures 29 
(chironomid-based TJuly) from 10.5 until 3.5 cal kyr BP with the warmest period between 10.5 and 8 30 
cal kyr BP. Talik refreezing and pingo growth started about 3.5 cal kyr BP after disappearance of the 31 
lake. The isotopic composition of the pingo ice (–17.1 ± 0.6‰ δ18O, –144.5 ± 3.4‰ δD, slope 5.85, 32 
–7.7 ± 1.5‰ d excess) point to the initial stage of closed-system freezing captured in the record. A 33 
differing isotopic composition within the massive ice body was found (–21.3 ± 1.4‰ δ18O, –165 ± 34 
11.5‰ δD, slope 8.13, 4.9 ± 3.2‰, d excess) and is likely related to the infill of dilation cracks by 35 
surface water with quasi-meteoric signature. Currently inactive syngenetic ice wedges formed in the 36 
thermokarst basin after lake drainage. The pingo preserves traces of permafrost response to climate 37 
variations in terms of ground-ice degradation (thermokarst) during the early and mid-Holocene, and 38 
aggradation (wedge-ice and pingo-ice growth) during the late Holocene.    39 
 40 
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1. INTRODUCTION 45 
The interplay of permafrost aggradation and degradation shapes modern landscapes as it shaped past 46 
ones in vast areas of subarctic and arctic lowlands. Thus, traces of periglacial landforms preserved in 47 
permafrost deposits may contain records of past climate and landscape development. Besides climate 48 
control, also topography, hydrology, subsurface properties, vegetation and snow cover mediate 49 
permafrost conditions1. Since the lateglacial warming and especially during the early Holocene 50 
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thermal optimum extensive thaw took place in regions of continuous permafrost distribution2. 51 
Thermokarst, induced by active-layer deepening that triggered ground-ice melt and subsidence 52 
formed basins and valleys over hundreds of years. The climate-controlled response of ice-rich 53 
continuous permafrost to warming is addressed in current research3. Besides permafrost degradation 54 
during past and ongoing warming, concurrent permafrost aggradation and ground-ice formation is 55 
common and triggered by localised controls on the landscape scale1. A prominent landforms related 56 
to ground-ice formation are hydrostatic (closed-system) pingos, which might form in drained 57 
thermokarst-lake basins4. Due to the growth of the ice core the terrain surface and above-lying 58 
deposits dome up and have a characteristic elliptical to circular planar shape reaching heights of up 59 
to several tens of meters5.  60 
Pingos are common features in circum-arctic lowlands with continuous permafrost, which are rather 61 
well studied in the North-American Arctic in terms of formation6, structure7 and distribution8. Pingo 62 
growth and decay rates, age, and past distribution have been used for the reconstruction of past 63 
periglacial landscape conditions9, 10, 11, 12. Pingo inventories were furthermore employed in palaeo-64 
environmental reconstructions in the Mackenzie Delta in Canada13, on Seward Peninsula in Alaska14, 65 
15 and in Central Yakutia16. A modern spatial database shows more than 6000 pingos in a 3.5 x 106 66 
km2 region in the Eurasian Subarctic and Arctic, and links the pingo distribution to permafrost and 67 
landscape characteristics, to surface geology and morphology, and to hydrology and climate17.  68 
In the course of Russian-German fieldwork in 2012 in the Kolyma Lowland18, different features of 69 
periglacial landscapes were studied including a pingo exposure near Pokhodsk (Figure 1, 70 
N69°2'18.096" E161°0'23.112"). The ice core of the pingo locally named 'Shirokovsky Kholm' 71 
became exposed because in summer 2003 a fire burnt overlying peaty soils (personal communication 72 
by Natalya Ivanovna Arbatskaya, Pokhodsk), which caused extensive melting of the massive ice, 73 
thaw slumping and slope erosion in its northern part (Figure 1d). This man-made impact was the 74 
onset of rapid pingo destruction, which now provides access to otherwise buried pingo ice, deposits 75 
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and internal structures. In order to characterise the pingo and to uncover its formation, sampling of 76 
the exposed ice, enclosing frozen deposits, and overlying soils was undertaken.  77 
The pingo exposure and the surrounding modern thermokarst lake were studied and sampled to 78 
obtain representative information on both the thermokarst features and the pingos, which characterise 79 
large areas of the Kolyma Lowland. The study aims (1) to determine the timing of thermokarst lake 80 
and pingo development by applying radiocarbon dating, (2) to characterise palaeo-ecological and 81 
palaeo-climatic dynamics by analysing micropalaeontological proxy data to the lacustrine 82 
thermokarst deposits, and (3) to characterise the permafrost and ground-ice inventory by applying 83 
cryolithological, hydrochemical and stable isotope methods. Overall, the study seeks reconstructing 84 
Holocene landscape dynamics of thermokarst and pingo development in the Kolyma Lowland.  85 
 86 
2. MATERIAL AND METHODS 87 
2.1 Study region 88 
The study site is situated in the Kolyma Lowland at the boundary between the Khalerchinskaya 89 
Tundra and the Kolyma Delta (Figure 1b). The Kolyma Delta extends mainly at 2-4 m above sea 90 
level (a.s.l.) at the mouth of the Kolyma River into the East Siberian Sea while the Khalerchinskaya 91 
Tundra, southwest of the delta, reaches up to 15-25 m a.s.l.19. Both regions are characterised by 92 
widespread thermokarst19. The Kolyma River divides into three major channels named Kolymskaya 93 
(Kamennaya), Pokhodskaya and Chukoch’ya, and numerous smaller channels20. The study region is 94 
mostly underlain by Neogene sand, silt, clay, peat, and gravel21. The Quaternary map of the region 95 
shows late Holocene marine-alluvial deposits in the Kolyma Delta, early Holocene marine-alluvial 96 
deposits in the Pokhodsk area, and late Holocene limnic-palustrine deposits in the Khalerchinskaya 97 
Tundra22.  98 
The subarctic continental climate of the Kolyma Lowland is characterised by high annual 99 
temperature amplitudes and low precipitation (TJuly +7.5°C, TJanuary –31.7°C
23; PAnnual 290 mm, 100 
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Cherskiy, WMO station no. 25123). The region belongs to the continuous permafrost zone with 101 
ground temperatures of –7 to –5°C and a permafrost thickness reaching 100 to 300 m24. 102 
The main features of the surface morphology relate to annual freeze and thaw processes. Ice-wedge 103 
polygons at all development stages (low- and high-centre polygons, coalescent polygon ponds) as 104 
well as thermokarst lakes shape wide areas of the Kolyma floodplain and river terraces. Micro-relief 105 
features such as elevated rims of low-centre polygons and varying active-layer depths cause highly 106 
diverse soil-moisture distribution, which is reflected in the vegetation cover of polygon tundra in the 107 
study area25. Boreal aquatic plants such as Menyanthes trifoliata, Comarum palustre and several 108 
Utricularia species are common in wet areas while the occurrence of several boreal shrub and dwarf-109 
shrub species including Duschekia fruticosa, Chamaedaphne calyculata, Vaccinium spp. and even 110 
scattered Larix stands indicate drier sites26, and reflect the proximity to the northern tree line. 111 
According to the Circumpolar Arctic Vegetation Map27, the study area is described as sedge, moss 112 
low-shrub wetland (W3) and low-shrub tundra (S2). Salix shrubs, mosses and grasses dominate the 113 
vegetation of the study site while in wind-protected areas Betula nana occurs. On the southern part 114 
of the pingo top, a bowl-like depression is vegetated by Sphagnum sp., Rubus chamaemous, 115 
Vaccinium vitis-idaea, Veratrum lobelianum, Ledum decumbens and Chamerion angustifolium. The 116 
soil cover is composed of Typic Historthel, Typic Sapristels, Typic Hemistels, Typic and Sphagnic 117 
Fibristels, and Typic Psammorthel reflecting different contents and degrees of decomposition of 118 
organic matter (OM) within the active layer. The thaw depth reached a maximum of 40 cm on the 119 
surface of the pingo (20 August 2012). 120 
The studied pingo remnant still occupies about three quarters of its former extent (Figure 1d). The 121 
pingo remnant borders a thermokarst lake, which is paludified south-west of the pingo (Figure 1c, d). 122 
The largest extension of the pingo remnant is about 160 m and its height reaches up 17.6 m a.s.l. 123 
(Figure 1e); equivalent to about 12.8 m above lake level (a.l.l.). 124 
 125 
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2.2 Fieldwork  126 
Ice and sediment samples were taken between August 19 and 22, 2012 by axe and hammer in the 127 
north-facing part of the pingo in different steep exposures of pingo-core ice and frozen sediment 128 
(Figures 2 and 3, Figure S 1). Three profiles named as 12P-1908-A, 12P-2008-A and 12P-2208-A 129 
were sampled in horizontal and/or vertical directions (Figure 3, Figure S 1). Additionally, a lake 130 
sediment short core named 80-1 (taken with UWITEC gravity corer) and water samples from the 131 
modern lake surrounding the pingo were taken at different depths. Still in the field, pH and electrical 132 
conductivity (EC) measurements of melted ice and water samples were performed using a WTW340i 133 
pocket meter equipped with a Tetracon 925 conductivity cell for EC (reference temperature: 25 °C) 134 
and Sentix 43-1 electrode for pH measurements.  135 
 136 
2.3 Sediment and intrasedimental ice studies 137 
Cryostructures of frozen soils formed by pore ice and small lenses of segregated ice (hereafter 138 
referred to as “intrasedimental ice”) were described28 and the gravimetric ice content was measured 139 
as a ratio of the weight difference between frozen and dried bulk sediment samples to the weight of 140 
dry samples and is expressed as a weight percentage (wt%). The grain-size distribution and OM 141 
properties (total nitrogen – TN, total organic carbon – TOC, and δ13C of TOC) in sedimentary 142 
samples were measured; methods are described in detail by Wetterich et al.29. The ratio of TOC and 143 
TN is referred as C/N.  144 
 145 
2.4 Radiocarbon dating  146 
A total of 13 radiocarbon dates from the exposed sediment and two dates from a short core (core 147 
code 80-1) in the modern lake were obtained by accelerator mass spectrometry (AMS) at Poznan 148 
Radiocarbon Laboratory (Poland). Radiocarbon dates were obtained from unidentified moss, peat 149 
and plant detritus. Dates are reported as ages in calibrated radiocarbon years before present (cal yr 150 
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BP) by applying the calibration data set INTCAL1330 (Table 1) as derived from the age-depth 151 
modelling routine with the R BACON (Bayesian accumulation histories) software31. Median values 152 
were taken for calculating the ages of events and zonation. 153 
 154 
2.5 Stable water isotopes and hydrochemistry of ground ice 155 
The stable-isotope hydrogen (δD), oxygen (δ18O) and the ion compositions of ground ice were 156 
analysed; methods are described in detail by Fritz et al.32. Internal 1σ errors are less than 0.8‰ for 157 
δD and 0.1‰ δ18O33. The deuterium excess (d excess)34 is calculated as d = δD - 8*δ18O.  158 
In order to classify the analytical data of the 35 massive ice samples (EC, pH, anions, cations, stable 159 
isotopes; Table S 1) we used a cluster analysis. Ions with values below the detection level in more 160 
than 50% of the ice samples were excluded from the analysis. Samples were normalised to account 161 
for the different characteristics of the analytical data. We chose agglomerative hierarchical clustering 162 
as the sample size is relatively small and no starting points or number of clusters have to be supplied. 163 
To assess the significance of possible clusters, we used the pvclust R package35 for hierarchical 164 
clustering with p-values, which supplies probabilities for each edge in the cluster dendrogram. 165 
Distances between samples were determined using Euclidean distance; the clustering method used 166 
was “complete” (maximum distance). The approximately unbiased p-values (AU) provided by 167 
pvclust are based on multiscale bootstrap resampling (100,000 times) and were used for a separation 168 
into a reasonable number of clusters. 169 
 170 
2.6 Micropalaeontology 171 
Profile 12P-1908-A was studied for its micropalaeontological inventory of pollen, non-pollen 172 
palynomorphs (NPPs), testaceans, diatoms and chironomids. Samples for pollen and NPP analysis 173 
were prepared from 0.44 g to 4.0 g of sediment and processed following standard procedures36. Per 174 
sample 300 pollen grains were counted and identified37, 38. For testacean (testate amoebae) analysis, 175 
8 
 
samples were suspended in purified water and wet-sieved (500-µm screen). Sphagnobiontic, soil-176 
eurybiontic and hydrobiontic ecological groups are distinguished based of habitat preferences39, 40. 177 
The diatom analysis followed standard techniques41. Up to 300 valves per sample were counted and 178 
identified42, 43. Biogeographical and ecological characteristics of the diatom taxa are based on 179 
Barinova et al.44. The coefficient of floristic similarity of taxa composition was calculated according 180 
to Sorensen and Czekanovsky45, and expressed in percentages. The reconstruction of pH is based on 181 
the European Diatom Database46. The chironomid analysis followed standard techniques47 and taxa 182 
identification followed Wiederholm48 and Brooks et al.49. Chironomid ecology and mean air 183 
temperature values of the warmest month (TJuly) optima were taken from Brooks et al.49 and 184 
Nazarova et al.50, 51. Effective occurrence numbers of chironomid taxa were estimated using the N2 185 
index52. Air TJuly were inferred using a chironomid-based temperature inference model
51.  186 
 187 
3. Results 188 
3.1 Modern lake environment and subrecent diatoms 189 
The modern thermokarst lake surrounding the pingo has pH values between 6.4 and 6.8 and EC of 52 190 
µS cm-1 in water samples taken at depth between 0 and 2.4 m. The 46-cm long lacustrine sediment 191 
core is composed of grey and brown silts and sands with occasional plant detritus. The diatom record 192 
of the upper 24 cm of the core differentiates into four zones, which are described and shown in detail 193 
in Figure S 2. The lowermost zone A (24-22 cm depth) contains 12 taxa with Staurosirella pinnata, 194 
Eunotia incisa and E. praerupta dominating. Acidophilic and cold-water species prevail. Zone B 195 
(22-14 cm depth) with 53 taxa is much more diverse. Phytophylic species of the genus Encyonema 196 
are notable. The increase of S. pinnata and E. incisa as well as rising diversity and the new appearance 197 of dominant species such as Fragilaria construens, Achnanthidium minutissimum and Cocconeis 198 
placentula, indicate increasing temperatures, expansion of the growing season, and increase in 199 siliciclastic sediment supply in the catchment44. A total of 62 species mainly from benthic and 200 
9 
 
alkaliphilic groups were found in zone C (14-6 cm depth). Decreasing water level, rising temperature 201 
and ion content are detected. The uppermost zone D (6-0 cm depth) reflects the modern lake 202 
conditions, where 62 species are present, of which benthic and alkaliphilic species predominate. S. 203 
pinnata shows highest shares of the entire short core record.  204 
 205 
3.2 Geochronology 206 
The age information from sediment samples derives from 13 radiocarbon dates from plant material 207 
of the short core of the modern lake sediment and from three pingo profiles (Table 1). Two 208 
radiocarbon dates from 24-26 cm and 42-44 cm core depth of the core 80-1 reveal ages of 682 cal yr 209 
BP and 721 cal yr BP, respectively. The modelled age-height relation of profile 12P-1908-A based 210 
on five dates is shown in Figure S 3 and spans from about 10.5 to 3.5 cal kyr BP. Early Holocene 211 
radiocarbon dates of sediments enclosing the pingo ice from profiles 12P-2008-A and 12P-2208-A 212 
range between 10.3 to 8.5 cal kyr BP. 213 
 214 
3.3 Cryostratigraphy 215 
3.3.1 Profiles 12P-1908-A  216 
The profiles 12P-1908-A is located at the western edge of the study site (Figure 3). The 12P-1908-A 217 
profile comprises a 6-m-thick sequence of frozen peat and ice layers, fine-grained lacustrine 218 
sediments and an ice wedge on top (Figure 2b, Figure S 1a). It accumulated between about 10.5 and 219 
3.5 cal kyr BP (Figure 4, Figure S 3). Three units are distinguished by cryolithological properties. 220 
The lowermost unit A between 1.7 and 3.2 m a.l.l. exhibits light brown moss peat with non-parallel 221 
wavy lenticular cryostructures (1-2 cm thick), and encloses two segregated ice layers (20-30 cm 222 
thick) at 2.2 and 3 m a.l.l. with air bubbles 1-2 mm in diameter. Unit B between 3.2 and 5 m a.l.l. is 223 
built of bedded grey silt (single lamina up to 10 mm thick) and grey-brown plant detritus (single 224 
lamina up to 5 mm thick). At 4.6 m a.l.l. a light brown moss peat occurs. The cryostructures are non-225 
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parallel wavy lenticular and irregular reticulate (ice lenses up to 1 mm thick and up to 20 mm long). 226 
The uppermost unit C between 5 and 6.5 m a.l.l. exhibits grey-brown silty fine-sands with peaty 227 
inclusions, and irregular reticulate cryostructures and occasional lenses of clear ice up to 1 cm thick 228 
with air bubbles up to 1 mm in diameter. The ice wedge of unit C is 1.8 m in visible width and 1.2 m 229 
in visible vertical extent and exhibits shoulders typical of syngenetic growth (Figure 2b). The ice 230 
wedge is not related to the modern surface (i.e. no evidence for recent rejuvenation and polygon 231 
pattern on the slope surface) and is therefore assumed to be inactive.  The wedge ice contains 232 
numerous vertically elongated and rounded air bubbles of up to 1 mm in diameter. Its isotopic 233 
composition (n = 7) is on average –26.6 ± 0.7‰ for δ18O, –202.7 ± 6.0‰ for δD and 10.0 ± 0.7‰ for 234 
d excess (Figure 5a, Table 2). The hydrochemical composition of the wedge ice was estimated in the 235 
central part (sample 12P-1908-A-04-IW; Table S 1). The EC is rather low with 66 µS cm-1 and the 236 
pH is acidic (pH 5.7). 237 
The grain-size of profile 12P-1908-A shows bimodal and polymodal distributions (Figure S 4). OM 238 
content varies in TOC from 6.3 to 37 wt% and in TN from 0.5 to 2.5 wt% (Figure 4, Figure S 5) with 239 
higher TOC and TN values and higher C/N in peaty samples (Figure 4). The δ13C of TOC shows low 240 
variation with an average value of –28.4‰. 241 
The ice content varies from 56 to 100 wt%. The EC of the intrasedimental ice is low at 40 µS cm-1 242 
and the pH is slightly acidic (5.9). The isotope composition of intrasedimental ice with δ18O of –17.9 243 
± 0.7‰, δD of –148.8 ± 4.4‰ and d excess of –5.8 ± 1.3‰ differs from those of the ice layers in 244 
unit A of the profile: –15.3 ± 0.3‰ for δ18O, –133.7 ± 2.6‰ for δD and –10.9 ± 0‰ for d excess 245 
(Figure 4, Table 2).  246 
 247 
3.3.2 Profile 12P-2008-A 248 
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The profile 12P-2008-A between about 1 and 3 m a.l.l. represents the massive ice of the pingo core, 249 
which has been sampled in different parts over a lateral distance of about 10 m (Figure 3). 250 
Approximate sampling positions are given in Figure 3 and Figure S 1b. 251 
Samples of enclosing sediments have additionally been taken (Figure S 1b) and radiocarbon-dated to 252 
early Holocene ages between 10.3 and 9.2 cal kyr BP (Figure 4, Table 1). These deposits include 253 
alternating beds of grey fine-sand and brownish plant detritus with peat inclusions and subvertical ice 254 
veins (Figure 2c, Figure S 1b). The grain-size distribution is bimodal (Figure S 4) and organic matter 255 
content is low with TOC values of 0.6 to 3.2 wt%, except for the uppermost sample of brown peat 256 
with TOC of 33.3 wt% (Figure 4). C/N and δ13C of TOC signatures as well as ice content and stable 257 
water isotope composition are similar to those of unit B of profile 12P-1908-A. 258 
The massive ice itself differs in colour and air bubble content and distribution. Clear pingo ice with 259 
large crystals (up to 30x50 mm) and no bubbles occurs in places while most of the exposed pingo ice 260 
contains air bubbles (up to 2 mm in diameter) with vertical, horizontal and subvertical orientation 261 
(Figure 2d). Vertically oriented bubbles are often elongated. The stable water isotope composition of 262 
the pingo ice shows δ18O of –17.2 ± 0.8‰, δD of –145 ± 5.0‰ and d excess of –7.1 ± 2.0‰ (Figure 263 
5b, Table 2). The EC of the pingo ice varies between 32 and 203 µS cm-1, but reaches higher values 264 
of up to 1068 µS cm-1 near the contact with sediment (Figure S 6c). Massive ice samples close to the 265 
upper and lower sedimentary boundaries (Figure S 1b) exhibit higher concentration in major cations 266 
(calcium, magnesium, sodium) and anions (chloride, hydrogen carbonate) except for sulphate, which 267 
is low at the lower sediment contact (Figure S 6; Table S 1). The pH values range between 6.0 and 268 
7.4 (Figure S 6d).  269 
 270 
3.3.3 Profile 12P2208-A 271 
The profile 12P-2208-A exhibits parts of the pingo ice core and overlying sediments in the eastern 272 
part of the outcrop between about 4 and 10 m a.l.l. over a lateral distance of about 30 m (Figure 3 273 
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and Figure S 1c, d). Most samples (12P-2208-A-01 to -23) were collected in vertical and horizontal 274 
lines (Figure S 1c). 275 
The enclosing deposits of the massive ice are slightly bedded grey-brown and light brown poorly 276 
sorted sandy silts with rare wood, root and peat inclusions. The sediments have a bimodal grain-size 277 
distribution (Figure S 4). The cryostructure is mainly irregular reticulate. OM characteristics show 278 
rather low variation in TOC (2.9 to 7.2 wt%), C/N (12.3 to 16.1), and δ13C (–28.2 to –27.8‰) 279 
(Figure 4, Figure S 5). Radiocarbon dates exhibit early Holocene ages between about 10.1 and 8.5 280 
cal kyr BP and one redeposited subrecent age of 227 cal yr BP (Figure 4, Table 1). 281 
The massive ice differentiates into two ice types. One is characterised by rather small crystal sizes (5 282 
to 10 mm) with numerous small bubbles (<1 mm in diameter) non-regularly distributed, which cause 283 
the whitish appearance; sediment inclusions up to 1 cm thick were detected and horizontal layering 284 
was partly visible (Figure 2e and 2f). The second type has larger crystal sizes (20x30 mm up to 285 
40x70 mm) and appears bluish and clear (Figure 2e and 2g). It includes rounded and larger bubbles 286 
(0.5 to 2 mm in diameter) in subvertical and horizontal layers and elongated bubbles (1 to 2 cm long) 287 
in subvertical direction (Figure 2g). Additionally, massive ice was sampled in three 'windows' 288 
located between 1.5 and 3 m a.l.l.. (Figure S 1d). The stable water isotope composition of the 289 
massive ice shows a wider scatter if compared to data from profiles 12P1908-A and 12P-2008-A 290 
with average values of –18.3± 2.1‰ for δ18O, –150.5 ± 11.4‰ for δD and –4.3 ± 6.1‰ for d excess 291 
(Figure 5c, Table 2). Stable isotope data of intrasedimental ice from above and within the massive 292 
ice (samples 12P-2208-A-04 and -14) fall within the range of the massive ice data (Figure 5c). The 293 
EC of the massive ice within this part of the exposure varies only between 45 and 116 µS cm-1 294 
(Figure S 6c, Table S 1). The hydrochemical composition of the 12P-2208-A ice shows higher values 295 
for calcium and sulphate, especially in the upper part of the profile. Other major ion concentrations 296 
are comparable to those of the 12P-2008-A pingo ice (Figure S 6a, e). The pH is mainly neutral with 297 
values between pH 6.5 and pH 7.2 (Figure S 6d). 298 
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 299 
3.3.4 Sedimentary and organic matter characteristics of all profiles 300 
The granulometric data from all three profiles show mainly bimodal grain-size distributions with 301 
peaks in the clay and the fine sand fractions (Figure S 4). Similar patterns have been observed in 302 
shallow thermokarst lakes with little flow and the repeated deposition of sand particles from shore 303 
slump activity53. The sediments within and surrounding the massive ice are assumed to be of 304 
lacustrine origin. The C/N – δ13C relationship reflecting OM origin54 shows a narrow range in the 305 
transition from lacustrine algae to terrestrial plants (Figure S 5). In addition, the TOC – C/N 306 
relationship indicates a moderate correlation (r2 = 0.63) of modestly to highly decomposed OM as 307 
typical for lacustrine deposition in thermokarst environments55. The early Holocene radiocarbon 308 
dates of deposits enclosing the massive ice (ranging from 10.3 to 8.5 cal kyr BP; Table 1) indicate 309 
the depositional age of the lacustrine sediments, which have been present prior to the onset of pingo 310 
formation. 311 
 312 
3.4 Palaeo-ecology of profile 12P-1908-A 313 
3.4.1 Pollen and palynomorphs 314 
Pollen and palynomorph assemblages from profile 12P-1908-A are subdivided into two pollen zones 315 
(PZ-I and PZ-II) of which PZ-II is further sectioned into two sub-zones (P-IIa and P-IIb; Figure S 316 
7a). In total, 33 pollen and spore taxa were identified. Most of the pollen grains and spores were well 317 
preserved. Spores are generally rare in the record, but Pediastrum remains are present. The pollen 318 
zone P-I (10.5 to 8 cal kyr BP; 1.7 to 5 m a.l.l.) is notable for high amounts of Betula sect. Nanae 319 
(40-45%) and Alnus fruticosa (25-45%) pollen, and relatively low contents of Cyperaceae (5-10%) 320 
and Poaceae (4-8%) pollen (Figure 6a). Larix pollen and Encalypta spores are present. The P-I is 321 
interpreted as regional representation of southern shrub-tundra56. Shrub birch and alder dominated 322 
the vegetation and larch occurred as isolated trees in vegetation cover. Summer climate slightly 323 
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warmer than today is assumed for P-I. Pollen zone P-IIa (8 to 5 cal kyr BP; 5 to 6.3 m a.l.l.) shows a 324 
decrease in Alnus fruticosa (up to 17%) (Figure S 6a), and the disappearance of Larix. Poaceae and 325 
Cyperaceae pollen dominate among herb taxa. Ericales pollen reaches 5%. Artemisia, Potentilla and 326 
Rubus chamaemorus pollen are present. Pediastrum have maximum 40%. The decrease in shrub 327 
alder and birch and disappearance of larch indicate climate cooling. The vegetation on a regional 328 
scale is interpreted as grass and shrub tundra. As in PZ-IIa the uppermost pollen zone P-IIb (5 to 3.5 329 
cal kyr BP, above 6.3 m a.l.l.) is marked by lower counts in both Betula sect. Nanae and Alnus 330 
fruticosa pollen if compared to PZ-I. Cyperaceae (20-40%) and Poaceae (10%) pollen dominate 331 
(Figure S 7a). Rosaceae has higher counts than in P-IIa and Comarum, Rubus chamaemorus, 332 
Artemisia pollen and Sphagnum spores are present. Based on changes in intrazonal taxa, i.e. the 333 
decrease in Pediastrum and the increase in Cyperaceae, P-IIb is interpreted as local vegetation 334 
change in response to paludification and acidification of the thermokarst lake basin. Pediastrum 335 
remains are absent in peaty layers at 1.7 and 4.6 m a.l.l., but present in sand and silt layers of PZ-IIb 336 
indicating aquatic deposition.  337 
 338 
3.4.2 Testaceans (testate amoebae) 339 
In total 30 testacean taxa were identified in 10 samples of profile 12P-1908-A (Figure S 7b) 340 
including sphagnobiontic, soil-eurybiontic, and hydrobiontic species. The latter constitute the largest 341 
part of identified taxa with 24 taxa. Count numbers range between 7 and 45 specimens per sample 342 
and are therefore plotted and interpreted as presence-absence information. The testacean data of the 343 
lowermost testacean zone T-I (10.5 to 8 cal kyr BP; 1.7 to 5 m a.l.l.) indicate an aquatic habitat by 344 
prevailing presence of 11 hydrobiontic species mainly of the genera Centropyxis and Difflugia 345 
(Figure S 7b). Sphagnum-moss inhabiting Trigonopyxis arcula and Centropyxis aculeata indicate 346 
wet conditions. In T-II (8 to 5 cal kyr BP; 5 to 6.3 m a.l.l.) the taxa number decreases to 11, nine of 347 
which belong to hydrobiontic and two to soil-eurybiontic species. Sphagnobiontic species are 348 
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lacking. The species composition changes at sub-species level and aquatic conditions are still 349 
present. The uppermost T-III (5 to 3.5 cal kyr BP, above 6.3 m a.l.l.) reveals 16 taxa including 14 350 
hydrobionts. The eurybiontic Trinema lineare and the sphagnobiontic Centropyxis aculeata are 351 
present. Shallow-water to semi-aquatic conditions is assumed.  352 
 353 
3.4.3 Diatoms 354 
In eight samples from the profile 12P-1908-A, 107 diatom taxa were found, while in assemblages of 355 
the short core of the modern lake sediments (Figure S 2) 86 taxa were present with a floristic 356 
similarity between both records of 50.8%. In zone D-I (10.5 to 8 cal kyr BP; 1.7 to 5 m a.l.l.), 41 taxa 357 
were identified. The number of species increased from 15 per sample in the lower part of the zone to 358 
28 at the top. In the lower part of D-I, the highest percentage of planktonic and alkalibiontic species 359 
was marked, with the benthic Cymbopleura inaequalis associated with macrophytes as dominat 360 
species (Figure S 7c). The planktonic Aulacoseira ambigua indicates considerable water depth of a 361 
mature thermokarst lake around 10 cal kyr BP, which decreases afterwards. In the middle and upper 362 
parts of D-I, shares of mesohalobic, halophilic and streaming-water species increase, and alkaliphilic 363 
taxa replace alkalibiontics. The largest share of thermophilic species is observed in the upper part of 364 
D-I. Another dominant species S. pinnata appears and the number of subdominant Martyana martyi, 365 
Amphora libyca, Gyrosigma acuminatum increases. The reconstructed pH varies from 6.9 to 7.6 in 366 
D-I (Figure 6). The diatom assemblages of D-I reflect warming, increasing evaporation and ion 367 
content, and decreasing water level of a mature thermokarst lake with a littoral zone of macrophytes. 368 
Smaller species reflecting the instability of the environment replace large-sized dominant species in 369 
D-I. Diatom zone D-II (8 to 6 cal kyr BP; 5 to 5.7 m a.l.l.) exhibits a gradual increase in the species 370 
number (45 in total, ranging from 27 to 30 per sample) and increasing shares of benthic and 371 
planktonic-benthic species (Figure 6). The highest percentage of boreal species not adapted to 372 
streaming water and the lowest percentage of mesohalobic and halophilic species is observed in D-II. 373 
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Thermophilic species are lacking while eurythermal and cold-water species appear in the upper part 374 
of the D-II. The reconstructed pH varies little from 7.9 to 8 (Figure 6). S. pinnata dominates the 375 
lower part of D-II while Navicula vulpina has high counts in the upper part (Figure S 7c). Diatom 376 
assemblages of D-II reflect cooling of a still-water shallow lake with reduced ion content. 377 
In D-III (6 to 3.5 cal kyr BP, above 6.3 m a.l.l.) the maximum species number (51 in total, ranging 378 
from 26 to 33 per sample) is notable. D-III is characterised by the highest share of planktonic-benthic 379 
and acidophilic species indicating shallow water and decreasing pH (Figure 6). Eurythermal and 380 
cold-water species prevail while the share of boreal species is reduced. The reconstructed pH drops 381 
from 7.6 to 6.9. The major dominant of D-III is S. pinnata. The diatom record of D-III reflects colder 382 
conditions than in D-II and D-I. The existence of a shallow lake remnant or paludified pond with low 383 
ion content is assumed.  384 
 385 
3.4.4 Chironomids 386 
A total of 420 head capsules, which belong to three subfamilies (Chironominae, Orthocladiinae, 387 
Tanypodinae), was examined in ten samples from profile 12P-1908-A. The chironomid zone C-I 388 
(10.5 to 8 cal kyr BP; 1.7 to 5 m a.l.l.) is diverse and represented by taxa indicative of cool to 389 
temperate conditions (C. anthracinus-type, O. consobrinus-type, Micropsectra insignilobus-type), of 390 
warm conditions (Cricotopus laricomalis-type, Parakiefferiella bathophila-type) and taxa associated 391 
with macrophytes. Most of phytophilic taxa appear only in C-I: Zalutschia mucronata-type, Z. 392 
zalutschicola-type, Endochironmus impar-type, Polypedilum sordens-type, and Glyptotendipes 393 
barbipes-type. In the upper part of C-I (after about 9 cal kyr BP), a high number of taxa tolerant to 394 
acidification and phytophilic taxa of P. penicillatus-type and P. sordidellus-type occur (Figure 6d). 395 
The reconstructed mean air TJuly reaches 10.2 to 11.4 °C. The water body was vegetated by 396 
macrophytes. High abundances of acidophilic taxa indicate initiating of paludification at the 397 
lakeshore. The chironomid zone C-II (8 to 5 cal kyr BP; 5 to 6.3 m a.l.l.) shows decline in taxonomic 398 
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diversity after 8 cal kyr BP. The abundance of the C. anthracinus-type is highest in the record. Many 399 
phytophilic taxa disappear from the record and the taxa indicative of warm conditions are replaced 400 
by the cold-stenotherm taxa (Sergentia coracina-type and T. lugens-type) indicating cooling and 401 
decrease of the macrophyte belt. Summer climate cooling is reconstructed with mean TJuly of 7.7 to 402 
8.7 °C (Figure 6). Chironomid diversity in zone C-III (5 to 3.5 cal kyr BP, above 6.3 m a.l.l.) further 403 
decreases with a strong shift in the taxonomic composition. In zone C-III dominant taxa are 404 
phytophilic (Cricotopus intersectus-type), tolerant to acidification (P. penicillatus-type, Zalutshia 405 
type B) and are associated with very shallow water in the littoral of the lakes (Limnophyes – 406 
Paralimnophyes and Paraphaenocladius-Parametriocnemus). The latter two taxa can survive even 407 
under semi-terrestrial conditions. The reconstructed TJuly of C-III with 7.6 to 7.9 °C is close to 408 
modern TJuly of 7.5 °C (Figure 7). The prevalence of shallow water or semi-terrestrial taxa in C-III 409 
suggests on-going disappearance of the lake. 410 
 411 
4. DISCUSSION 412 
4.1 The early to mid-Holocene thermokarst lake archive (10.5 to 3.5 cal kyr BP) 413 
The Holocene sequence obtained in profile 12P-1908-A captures thermokarst lake deposits that 414 
accumulated prior to formation of the studied pingo. The oldest date of 10,489 cal yr BP from the 415 
peat underlying the lake sediment likely represents the early Holocene thermokarst onset in a 416 
palustrine environment with increasing wetness and starting thaw subsidence due to ground-ice melt 417 
leading to the formation of the thermokarst lake. The timing of this thermokarst initiation falls into 418 
the age range from 14 to 9 cal kyr obtained from basal peat of thermokarst basins in Beringia2 419 
reflecting lateglacial to early Holocene warming. According to the established age-height relation 420 
(Figure S 3), continuous sedimentation within the lake is assumed between about 10.5 and 3.5 cal 421 
kyr BP.  422 
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The palaeo-environmental inventory of early to mid-Holocene deposits exposed in profile 12P-1908-423 
A exhibits species-rich floral and faunal assemblages. The species distribution of each studied group 424 
allows for zonation into three ecological zones (Table 3, Figure 6). The micropalaeontological 425 
records reflect a thermokarst lake system with changing conditions in water level, air and water 426 
temperature and water chemistry over time corresponding to Holocene variations in climate 427 
conditions superimposed by local controls32, 53 (Table 3). All palaeontological proxy data 428 
differentiate the lowermost interval between about 10.5 and 8 cal kyr BP, as ecological zone I. 429 
Warmer-than-today mean TJuly, shallowing of the water body, increasing ion content and neutral pH 430 
are reflected in proxy data. The lake littoral was vegetated by macrophytes and the regional 431 
vegetation was southern shrub tundra. The deduced warmest conditions during the early Holocene 432 
between about 10.5 and 8 cal kyr BP in the Kolyma Lowland likely correspond to earlier findings 433 
along north-to-south transect at the Lena River, where lake sediments were employed to reconstruct 434 
summer climate57. Biskaborn et al.57 showed warmest conditions during the early Holocene in the 435 
northernmost locations of the transect, in the Lena Delta. However, detailed Holocene climate 436 
reconstructions along the Kolyma River are lacking, and the pattern observed along the Lena River 437 
cannot be proven. 438 
The ecological zone II spans from about 8 to 5 cal kyr BP according to pollen, testacean and 439 
chironomid data while diatom data support a termination of zone II at about 6 cal kyr BP. Summer 440 
cooling is mirrored by a vegetation change to grass-shrub tundra with decreased Alnus and Betula 441 
counts, and lacking Larix. TJuly reached 7.7 – 8.7 °C and cold-adapted aquatic species replaced 442 
warm-adapted ones. The lake was shallow and with a decreased macrophyte belt. 443 
The ecological zone III spans from about 6-5 cal kyr BP to 3.5 cal kyr BP. Sedge-shrub tundra 444 
prevailed at least in the surroundings of the lake. TJuly reached close-to-modern values: 7.6–7.9 °C. 445 
Semi-aquatic conditions, low ion content and decreasing pH indicate disappearance of the lake and 446 
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starting paludification, which was the precondition for pingo formation triggered by refreezing of the 447 
talik beneath the lake. 448 
 449 
4.2 The late Holocene pingo and wedge ice archives (3.5 cal kyr BP to present)  450 
Until now there are only few records from pingo ice stable isotope and hydrochemical signatures58, 59, 451 
60. Previous studies of pingo ice suggest vertical gradients in stable-isotope values, which depend on 452 
the original isotopic composition and availability of migrating water in the talik, the latter resulting 453 
in varying equilibrium conditions and isotopic fractionation during freezing59. General trends and 454 
stages are described as follows59: (1) rapid freezing of water in the basin sediments after drainage 455 
initiates ice formation with increasing δ18O and δD and decreasing d excess; (2) talik water migration 456 
towards the freezing front under hydrostatic conditions results in ice segregation and intrusion, which 457 
is shown in large variation in δ18O, δD and d excess; and (3) freezing of a more and more limited 458 
volume of talik water under hydrostatic (equilibrium) conditions results in a decrease in δ18O and δD 459 
and increase in d excess which follows the Rayleigh-type fractionation between water and ice. The 460 
shrinking reservoir becomes increasingly depleted in heavy isotopes as freezing continues61. 461 
Neither a clear gradient nor a distinct spatial pattern of stable isotope and hydrochemical data in the 462 
pingo ice are seen in the presented data (Figure S 6). 463 
An agglomerative hierarchical cluster analysis comprising stable-isotope and hydrochemical 464 
variables of the 35 samples from the massive ice reveals two well-separated clusters and two samples 465 
that could not be assigned to any cluster (Figure S 8). Of those not-clustered samples, sample 12P-466 
2008-A-06-PI has the highest values in EC (Figure S 6c), potassium, magnesium, sodium, chloride, 467 
sulphate and hydrogen carbonate (Figure S 6), while 12P-2008-A-12-PI has the highest pH (Figure S 468 
6d), aluminium and fluoride values and the second highest magnesium, sodium, iron and chloride, 469 
hydrogen carbonate values (Figure S 6, Table S 1). These two ice samples are in close contact to the 470 
surrounding sediment and therefore strongly affected by sediment pore water. If we apply the results 471 
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of the cluster analysis to the lateral distribution of samples, we detect two areas of common chemical 472 
properties (Figure 7). 473 
The red cluster is well distinguishable in stable isotope signature from the green cluster, because of 474 
the lower isotope ratios and the higher d excess (Figure 8): δ18O (–21.3 ± 1.4‰), δD (–165.9 ± 475 
11.5‰) and d excess (4.9 ± 3.2‰). Furthermore, the red cluster shows different slopes of 8.13 in the 476 
δ18O-δD relation (r2 = 0.92) and of 0.09 in the δD-d excess relation (r2 = 0.12) (Figure 8) if compared 477 
to the green cluster with a δ18O-δD slope of 5.85 (r² = 0.93) and a δD-d excess slope of -0.27 (r² = 478 
0.39). The δ18O-δD slope of the red cluster samples is close to the GMWL and the slightly positive 479 
slope in δD-d excess points to an origin different from the massive pingo ice of the green cluster. 480 
Surface water from a meteoric water source that entered the massive pingo ice body might explain 481 
the isotopic signature of the red cluster. Dilation cracks might have formed, filled with surface water 482 
and contributed to the massive ice growth during different episodes4. The spatial distribution (Figure 483 
7) at different heights and the relatively heavy stable isotope composition (Figure 8) of the red 484 
cluster samples within profile 12P-2207-A make wedge-ice growth on the slope of the developing 485 
pingo unlikely to explain the observed pattern and stable isotope composition. The red cluster 486 
samples consist of whitish ice, which shows layers, sediment inclusions, small ice crystals (5 to 10 487 
mm) and many small and non-regularly distributed air bubbles (<1 mm in diameter). The red cluster 488 
further differs in potassium, sulphate, iron and magnesium contents from the green cluster (Figure S 489 
6). The ice of the green cluster is interpreted as pingo massive ice as the data point to closed-system 490 
freezing of talik water by a slope well below the GMWL in δ18O-δD, a negative slope in δD-d excess 491 
(Figure 8) and some variation in δ18O (–17.1 ± 0.6‰), δD (–144.5 ± 3.4‰) and d excess (–7.7 ± 492 
1.5‰). The available pingo ice data were obtained from a lateral position and do not represent a 493 
vertical profile of the central part of the ice core. Thus, not the entire freezing of the pingo ice and 494 
respective variations in stable isotope composition are captured in the present record. However, 495 
comparable slopes as in the green cluster were observed for mature and final stages of slow 496 
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equilibrium freezing of pingo ice: 5.11 in section 2 of Pestsovoye Pingo and 5.63 in section 3 of 497 
Weather Pingo59 and 5.84 in section 4 of Arsain Pingo58. During equilibrium freezing of water, the 498 
resultant ice samples are aligned along a freezing slope that will be lower than the GMWL. Jouzel 499 
and Souchez62 observed that the slope of the freezing line depends on the initial isotopic 500 
composition, with the more depleted waters producing a lower slope value. The initial δ-value of the 501 
parent water is the intercept between the freezing slope and the LMWL or GMWL62, 63, which is here 502 
at about –25.5‰ δ18O and –193‰ δD (Figure 8a). Further information is provided by an 503 
examination of the δD-d excess relation. A negative relation between d excess and δD (y = –0.27x – 504 
46.58; r²= 0.39) is found because the freezing slope has a lower value than the GMWL (Figure 8b). 505 
Here, d excess variability is a result of the freezing conditions (freezing rate, boundary layer 506 
thickness, percentage of freezing of the reservoir)63. As freezing progresses, the δD values of the ice 507 
become progressively lower. This is accompanied by a concurrent increase in d excess values 508 
(Figure 8b) and might therefore account for the initial stage of closed-system freezing64. The 509 
deviation from the theoretical freezing slope is interpreted as expression of differing isotopic 510 
fractionation during stepwise segregation of the pingo ice while refreezing of the talik. It is also 511 
possible that multiple smaller ice bodies developed in the single pingo, having their own isotopic 512 
boundary conditions, but taken together it provides a coherent picture of pingo development. 513 
Intrasedimental ice values generally fall within the range of the massive pingo ice values (Figure 5). 514 
Such similarity is reasonable because both ice types belong together genetically, as both originate 515 
from ice segregation in the same talik and the same parent water.  516 
Based on its stratigraphic position the ice wedge topping profile 12P-1908-A is of late Holocene age 517 
and indicates permafrost aggradation during that time. Its stable-water isotope composition with 518 
narrow ranges of δ18O (–26.6 ± 0.6‰), of δD (–202.7 ± 5.5‰), its d excess of 10 ± 0.7‰ and its 519 
position close to the GMWL (slope of 8.87; Figure 8a) confirms the wedge-ice water source from 520 
precipitation. These stable-water isotope parameters further corroborate that the wedge-ice signal 521 
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from winter season precipitation in the region during the late Holocene averages about –26.6‰ in 522 
δ18O, which is assumed to be mainly influenced by Pacific moisture. In contrast, the winter 523 
precipitation in the Laptev Sea region is thought to be mainly fed by Atlantic moisture65, leading to a 524 
spatial pattern in late Holocene wedge-ice data with most depleted isotope values in the easternmost 525 
location along a west-to-east transect. This corresponds to the continental effect in atmospheric 526 
precipitation34 as seen in decreasing δ18O from Taymyr Peninsula66 (mean δ18O of –23.0‰), to the 527 
Lena Delta67, 68 (mean δ18O of –24.6‰) and to Bykovsky Peninsula65 (mean δ18O of –28.5 to –528 
26.1‰). The meeting influence of moisture originating from both the Atlantic and Pacific Oceans is 529 
found in the Dmitry Laptev Strait region69 (mean δ18O of –25.4 to –25.0‰).    530 
The late Holocene terrestrial landscape evolution of the Kolyma Lowland is characterised by widely 531 
distributed processes of permafrost aggradation, which is especially expressed in ground-ice 532 
formation within drained thermokarst basins and on floodplains. Pingo growth and the formation of 533 
ice-wedge polygons shaped the topography on different scales. 534 
 535 
4.3 The modern landscape of the Kolyma Lowland  536 
A remote-sensing based mapping of the Kolyma Lowland southwest of the delta estimates that 65% 537 
of the study area are covered by Holocene thermokarst basins70. Similar extensive thermokarst-lake 538 
basins distribution is expected in the Kolyma Delta and the Khalerchinskaya Tundra, where 539 
comparable studies are lacking71. Grosse and Jones17 mapped about 700 pingos in the Kolyma 540 
Lowland (150.7–162.5°E) including the delta. However, the pingo 'Shirokovsky Kholm' was not part 541 
of their study, since it is not expressed on topographic maps at a 200k scale. This indicates a larger 542 
number of yet undocumented pingos in the Kolyma Lowland.  Pingo-induced relief inversion 543 
frequently led to renewal of thermokarst lakes, and secondary late Holocene thermokarst developed 544 
in pre-defined basins of early Holocene age where wedge-ice melt occurred.  545 
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Main areas of the Kolyma Lowland such as the Khalerchinskaya Tundra and the Kolyma Delta are 546 
shaped by intense thermo-erosion and thermokarst as expressed by channels, basins and shallow 547 
lakes. Pingos are common features reaching 150-200 in diameter and 15-20 m in height19 matching 548 
the dimensions of the studied pingo (Figure 1e). Ice-wedge polygons occur commonly in wetlands 549 
surrounding the lakes and indicate permafrost aggradation during the late Holocene. 550 
The host material is mainly silt and silty sand of Holocene marine and alluvial origin in the Kolyma 551 
Delta22 and of late Holocene limnic-palustrine or aeolian origin overlying LGM alluvial and aeolian 552 
sand in the Khalerchinskaya Tundra19, 22. Lakes of the Kolyma Delta reach huge dimensions such as 553 
the largest lake of Yakutia, Lake Nerpich’e19 covering an area of 225 km² (Figure 1b). Large 554 
thermokarst lakes of the Khalerchinskaya Tundra occupy up to 38 % of the area19 and often have 555 
triangular shapes where the baseline of the triangle is more or less E-W oriented, likely preserving 556 
the shoreline and lagoons of the palaeo-Kolyma Delta. The variability of thermokarst lakes in shape 557 
and depth is probably connected to the host material, its ice content and the timing of delta 558 
formation. This is also reflected in the Landsat-based trend analysis of lake dynamics by Nitze et 559 
al.72, where the Khalerchinskaya Tundra west of the Kolyma River mouth showed widespread lake-560 
area loss in nearly the entire region, being consistent with our reconstruction of constant 561 
paludification at the lakeshore. In contrast, the Kolyma River floodplain is dominated by 562 
predominantly lake expansion dynamics. While the Khalerchinskaya Tundra might represent an 563 
older delta formation, comparable to the Arga Complex (2nd river terrace) of the Lena Delta73, and 564 
thermokarst there started already during lateglacial to early Holocene warming, the recent and 565 
modern parts of the Kolyma Delta formed during the late Holocene and consequently thermokarst 566 
lakes here are much younger. In this context, the early Holocene age of the thermokarst lake deposits 567 
in the pingo exposure align it to the Khalerchinskaya Tundra. The studied complete inventory of 568 
primary and secondary thermokarst and of pingo and wedge-ice growth during the different stages of 569 
the Holocene is assumed representative for postglacial landscape evolution in the Kolyma Lowland.    570 
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 571 
5. CONCLUSIONS 572 
Early to mid-Holocene lacustrine deposits, and late Holocene wedge ice and pingo ice represent a 573 
comprehensive archive of permafrost degradation and aggradation features in the Kolyma Lowland. 574 
Main patterns in Holocene climate variations and permafrost response are preserved in the proxy 575 
records. Thermokarst lake and palustrine deposits dated from about 10.5 to 3.5 cal kyr BP 576 
differentiate into three palaeo-ecological periods. Warmest summer conditions are reconstructed for 577 
the early Holocene between 10.5 and 8 cal kyr BP. Vegetation changed from southern shrub tundra 578 
to grass-shrub and sedge-shrub tundra following a TJuly cooling from 11.4 – 10.2 °C (10.5 to 8 cal kyr 579 
BP) to 8.7 – 7.7 °C (8 to 5 cal kyr BP) and 7.9 – 7.6 °C (5 to 3.5 cal kyr BP). Testacean, chironomid 580 
and diatom data of the lake deposits recorded decreasing water level, and diatom-based pH 581 
reconstructions vary between 6.9 and 8 over time. After disappearance of the lake at about 3.5 cal 582 
kyr BP, paludification of the lake’s basin promoted talik refreezing and pingo growth. Stable water 583 
isotope and hydrochemical signatures have recorded two types of massive ground ice. The pingo ice 584 
isotopic signature points to the initial stage of closed-system freezing with a slope of 5.85. Within the 585 
pingo ice, a second ice type was observed with more depleted values in δ18O and δD and a slope of 586 
8.13. This ice might have formed as infill of dilation cracks by surface water with quasi-meteoric 587 
isotopic composition. The late Holocene wedge-ice δ18O average value was about –26.6‰; moisture 588 
source is assumed to derive mainly from the Pacific Ocean. 589 
On the one hand, climate warming in the early Holocene has caused thermokarst lake formation. On 590 
the other hand, late Holocene cooling, talik refreezing and environmental changes such as peat 591 
accumulation have led to permafrost aggradation (i.e. pingo and wedge-ice development), thus 592 
further intensifying a small-scale landscape mosaic of lakes, pingos and polygonal ground with 593 
strong environmental gradients. 594 
 595 
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Tables 816 
TABLE 1 AMS 14C dating results. All samples are calibrated using Calib Rev 7.0.230, calibration data 817 
set intcal13.14c as derived from the age-depth modelling routine with the R BACON. 818 
Sample 
ID 
Lab ID Height Depth Material 14C age 14C age 
2σ range 
14Cage 
median 
  [m a.l.l.] [cm]  [yr BP] [cal yr BP] [cal yr BP] 
Short core 80-1 
-13 Poz-55452  24-26 bulk OM 795 ± 30 651 – 727 682 
-22 Poz-55453  42-44 bulk OM 850 ± 30 681 – 772 721 
Profile 12P-1908-A 
-09 Poz-50918 6.5  moss peat 3,855 ± 35 4,000 – 4,485 4,239 
-12 Poz-50919 5.2  bulk OM, fine 
plant detritus 
6,850 ± 50 6,741 – 7,751 7,616 
-14 Poz-50920 4  bulk OM, fine 
plant detritus 
8,290 ± 50 8,650 – 9,345 9,112 
-17 Poz-50921 2.5  moss peat 8,610 ± 50 9,586 – 10,266 9,942 
-19 Poz-50923 1.7  moss peat 9,210 ± 50 10,276 – 11,061 10,489 
Profile 12P-2008-A   
-01 Poz-50915 3.7  moss peat 9,190 ± 50 10,183 – 10,526 10,337 
-04 Poz-50916 2.8  bulk OM, fine 
plant detritus 
8,350 ± 50 9,228 – 9,474 9,364 
-17 Poz-50917 2  bulk OM, fine 
plant detritus 
8,230 ± 50 9,061 – 9,319 9,204 
 Profile 12P-2208-A 
-04 Poz-50911 7.1  moss fragments 8,930 ± 50 9,767 – 10,270 10,055 
-06 Poz-50912 6.2  moss fragments 7,650 ± 50 7,836 – 8,782 8,497 
-14 Poz-50914 4.7  moss fragments 225 ± 30 -1 – 458 227 
35 
 
TABLE 2 Stable isotope (δ18O, δD, and d excess) minimum, mean, maximum values, standard deviations (std), and slopes, intercept and 819 
correlation coefficient (r2) from Figure 6 per profile. 820 
Profile 
ID 
Ice type n δ18O 
min 
δ18O 
mean 
δ18O 
max 
δ18O 
std 
δD 
min 
δD 
mean 
δD 
max 
δD 
std 
d 
min 
d 
mean 
d 
max 
d  
std 
Slope  Inter-
cept 
r2 
   [‰] [‰] [‰] [‰] [‰] [‰] [‰] [‰] [‰] [‰] [‰] [‰]    
12-P-
1908-A 
Ice 
wedge 
7 –27.59 –26.59 –25.62 0.62 –211.5 –202.7 –193.7 6.0 9.2 10.0 11.3 0.70 8.87 33.1 1 
12-P-
1908-A 
Intrasedi- 
mental  
11 –19.04 -17.41 -15.10 1.19 -156.7 -146.0 -131.8 7.3 -10.9 -6.8 -3.9 2.36 8,10 39.89 0.99 
12-P-
2008-A 
Intrasedi-
mental  
2 –18.46 –18.17 –17.88 0.41 –154.2 –151.4 –148.6 4.0 –6.5 –5.8 –5.1 1.02 9.64 23.69 1 
12-P-
2008-A 
Massive 
ice 
13 –19.06 –17.24 –16.43 0.83 –156.2 –145.0 –137.9 5.0 –8.9 –7.1 –1.8 2.0 5.86 –44.04 0.96 
12-P-
2208-A 
Intrasedi-
mental  
2 –21.00 -19.26 –17.52 2.46 –163.3 –156.2 –149.1 10.1 –8.9 –2.1 4.7 9.61 4.09 –77.36 1 
12-P-
2208-A 
Massive 
ice 
22 –23.19 –18.27 –16.69 2.07 –182.4 –150.5 –142.1 11.4 –9.3 –4.3 9.2 6.10 5.34 53.01 0.95 
  821 
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TABLE 3 Compiled interpretation of early to mid-Holocene palaeontological proxy data from profile 822 
12P-1908-A. 823 
Period Early Holocene Early to mid-Holocene Mid-Holocene 
Age 11-8 cal kyr BP  8-6(5) cal yrs BP 6(5)-3.5 cal kyr BP 
Pollen → southern shrub tundra 
→ dominating Betula and Alnus 
→ Larix present 
→ slightly warmer than today 
→ grass-shrub tundra 
→ decreased Betula and Alnus 
→ Larix absent 
→ climate cooling 
→ sedge-shrub tundra 
→ decreased Betula and Alnus 
→ Larix absent 
→ close-to-modern climate 
Testacean → diverse hydrobionts 
→ aquatic conditions 
→ less diverse hydrobionts 
→ aquatic conditions 
→ diverse hydrobionts 
→ semi-aquatic conditions 
Diatoms → highest share of planktonic 
species 
→ highest share of alkalibiontic and 
thermophilic species 
→ decreasing water level 
→ increasing ion content 
→ pH 6.9 – 7.6 
→ warming 
→ no planktonic species 
→ increasing benthic and 
planktonic-benthic species 
→ highest share of boreal species 
→ shallow water 
→ decreasing ion content 
→ pH 7.9 – 8 
→ cooling 
→ no planktonic species 
→ highest share of benthic-
planktonic species 
→ highest share of acidophilic 
species 
→ shallow water 
→ decreased ion content 
→ pH 6.9 – 7.6 
→ cooling 
Chironomids → high diversity 
→ dominating phytophilic taxa 
→ lake with well-established 
macrophyte littoral 
→ present warm-stenotherm taxa 
→ T July 10.2 – 11.4 °C  
→ decreasing diversity 
→ decreasing phytophilic taxa 
→ lake with decreasing macrophyte 
littoral 
→ cold-stenotherm replace warm-
stenotherm taxa 
→ mean TJuly 7.7 – 8.7 °C 
→ decreasing diversity 
→ dominant taxa tolerant to 
acidification 
→ shallow water to semi-aquatic 
with present macrophytes 
→ present cold-stenotherm taxa 
→ mean TJuly 7.6 – 7.9 °C 
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Figure 837 
 838 
FIGURE 1 Location of the study area (a) in the eastern Siberian Arctic, (b) on a map of the 839 
Khalerchinskaya Tundra in the Kolyma Lowland (background false colour infrared image of 840 
Sentinel-2, August 31, 2017), (c) in a close up view of the pingo-hosting thermokarst lake basin (true 841 
colour representation) and (d) on a WorldView-1 satellite image (June 28, 2009) showing erosional 842 
pingo margins along lake shore and elevation profile locations given in (e) based on ArcticDEM 843 
digital elevation model data at 2 m resolution, created from a WorldView-2 stereo pair acquired on 844 
April 12, 2013. 845 
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 846 
FIGURE 2 Photographs of the pingo 'Shirokovsky Kholm' showing (a) the modern lake surrounding 847 
the pingo, (b) a syngenetic ice wedge on top of profile 12P-1908-A, (c) a bedded sedimentary 848 
interlayer of profile 12P-2008-A (sample no. -03, to -05 in Figure S 1b) with verticals ice veins and 849 
peaty inclusions, (d) bubble-rich clear ice of profile 12P-2008-A (sample no. -19 in Figure S 1b), (e) 850 
the upper part of profile 12P-2208-A with close-ups of the pingo ice shown in (f) whitish ice with 851 
small ice crystals (up to 5 x 10 mm) and small bubbles (< 1mm in diameter) non-regularly 852 
distributed  (sample no. -20, to -23 in Figure S 1c) and (g) clear ice with larger ice crystals (up to 20 853 
x 30 mm) and larger bubbles (1 mm in diameter) in subvertical and horizontal layers (sample no. -19 854 
in Figure S 1c). 855 
 856 
 857 
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 858 
FIGURE 3 Overview of the sampled outcrop at the pingo exposure 'Shirokovsky Kholm'. Note that 859 
the photograph is not to scale. Details of the sampled profiles are given in Figure S 1.   860 
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 861 
FIGURE 4 Properties of sediments and intrasedimental ice from profiles (a) 12P-1908-A, (b) 12P-862 
2008-A and (c) 12P-2208-A. White diamond symbols refer to the respective upper x-axis. 863 
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 864 
FIGURE 5 δ18O and δD data of ice samples from profiles (a) 12P-1908-A, (b) 12P-2008-A and (c) 865 
12P-2208-A. Wedge-ice data are gives as grey triangles, intrasedimental ice data are given as white 866 
diamonds and massive ice data are given as black dots. The Global Meteoric Water Line (GMWL) is 867 
given as dotted line. 868 
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 869 
FIGURE 6 Summary of palaeo-ecological data including pollen-based ratios of Cyperaceae vs. 870 
Poaceae and trees and shrubs vs. herbs, diatom-based ratio of planktonic vs. benthic species and pH 871 
reconstruction, and chironomid-based cold-stenoterm vs. warm-stenoterm taxa, phytophilic vs. free-872 
water taxa and TJuly reconstruction. Black lines indicate LOESS 0.5 smooth of the data. 873 
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 874 
FIGURE 7 Spatial distributions of massive-ice properties (EC, pH, anions, cations, stable-isotope 875 
signature; Table S 1) according to agglomerative hierarchical clustering. Two clusters are well 876 
separated (green and red; Figure S 8a, b) and two samples could not be assigned to any cluster 877 
(grey).  878 
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 879 
FIGURE 8 δ18O, δD and d excess data of ice samples combined from all profiles as wedge ice (grey 880 
triangles), intrasedimental ice (white diamonds) and massive ice (red and green dots) in a (a) δ18O – 881 
δD bi- plot and (b) δD – d excess bi-plot.  882 
TABLE S 1 Hydrochemical and stable-water isotope data of massive ice (MI) and wedge ice (IW) 
Sample ID 
 
EC pH Al Ca Fe K Mg Mn Na Sr Zn F Cl SO4 NO3 HCO3 δ18O δD d excess 
 µS cm-1  mg l -1     mg l -1     mg l -1     mg l -1     mg l -1     mg l -1     mg l -1     mg l -1     mg l -1     mg l -1 mg l -1     mg l -1  mg l -1    mg l -1     ‰  ‰ ‰  
12P-1908-A-                    
-01-IW -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -26.25 -200.2 9.8 
-02-IW -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -25.62 -193.7 11.3 
-03-IW -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -26.03 -197.8 10.5 
-04-IW 66 5.7 0.44 5.54 0.76 1.53 1.00 0.21 1.27 0.03 0.04 0.06 4.04 16.02 0.33 1.98 -26.91 -205.9 9.4 
-05-IW -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -27.05 -206.3 10.1 
-06-IW -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -27.59 -211.5 9.2 
-07-IW -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -26.71 -203.7 10.0 
12P-2008-A-                    
-06-MI 1068 7.3 0.05 26.80 0.82 3.26 29.00 0.30 120.0 0.32 <0.02 0.09 255.7 29.80 <0.15 71.69 -19.06 -154.3 -1.8 
-07-MI 32 7.3 0.09 1.23 0.10 0.24 0.18 0.05 0.78 <0.02 <0.02 0.06 3.06 0.43 0.17 5.64 -16.43 -137.9 -6.5 
-08-MI 32 7.3 0.08 1.70 0.06 <0.2 <0.1 0.05 0.31 <0.02 <0.02 0.08 2.64 0.25 <0.15 3.97 -16.53 -141.2 -8.9 
-09-MI 32 7.2 0.30 1.73 0.47 0.26 0.43 0.07 1.85 <0.02 <0.02 0.11 6.87 0.39 <0.15 5.19 -16.95 -144.1 -8.5 
-10-MI 30 7.2 0.09 0.75 0.09 <0.2 0.21 0.04 1.21 <0.02 <0.02 0.11 4.59 0.46 0.31 3.51 -17.02 -144.6 -8.5 
-11-MI 101 6.0 0.12 2.04 0.12 0.39 2.20 0.05 8.44 0.02 <0.02 0.11 20.82 0.24 <0.15 6.71 -17.02 -144.4 -8.2 
-12-MI 174 7.5 0.60 3.80 0.48 1.40 2.44 0.04 11.00 0.03 0.07 0.18 15.17 0.17 <0.15 35.24 -17.17 -145.1 -7.8 
-13-MI 41 7.1 0.14 1.05 0.11 <0.2 0.19 0.04 1.98 <0.02 <0.02 0.09 7.07 < 0.10 <0.15 4.88 -16.98 -144.1 -8.3 
-14-MI 35 7.4 0.06 1.02 0.04 <0.2 0.22 0.04 2.08 <0.02 <0.02 0.09 6.56 0.15 <0.15 3.20 -17.14 -145.0 -7.9 
-15-MI 55 7.1 0.06 0.73 0.04 <0.2 0.21 0.04 4.79 <0.02 <0.02 0.09 11.47 < 0.10 <0.15 3.81 -16.95 -142.5 -7.3 
-16-MI 74 7.0 0.09 1.43 0.09 0.25 0.73 0.04 5.74 <0.02 <0.02 0.10 15.50 0.16 <0.15 6.10 -16.69 -141.8 -7.7 
-18-MI 75 7.4 0.11 2.14 0.06 0.59 1.28 0.04 7.74 <0.02 <0.02 0.11 16.57 0.14 <0.15 9.76 -17.16 -144.4 -7.1 
-19-MI 203 7.4 0.08 4.55 0.08 0.67 3.97 0.06 17.20 0.09 <0.02 0.11 41.11 0.45 0.15 17.24 -19.02 -156.2 -4.0 
12P-2208-A-                    
-08-MI 41 6.5 0.08 2.54 0.12 0.58 0.41 0.18 1.22 <0.02 0.02 0.06 7.85 1.73 0.57 1.68 -18.48 -150.8 -3.0 
-09-MI 63 6.6 0.07 4.09 0.04 0.38 0.40 0.10 2.96 <0.02 0.04 0.10 14.61 0.51 0.17 2.59 -16.79 -142.8 -8.5 
-10-MI 67 6.6 0.06 4.94 0.04 0.40 0.34 0.09 3.26 <0.02 0.13 0.11 15.85 0.35 <0.15 2.75 -16.73 -142.1 -8.3 
-11-MI 74 6.6 0.06 5.03 0.04 0.65 0.34 0.06 3.51 <0.02 0.10 0.10 17.43 0.23 <0.15 3.66 -16.79 -143.6 -9.2 
-12-MI 57 6.9 0.07 2.45 0.05 0.35 0.44 0.05 3.53 <0.02 <0.02 0.11 12.50 0.18 <0.15 3.81 -16.90 -144.0 -8.8 
-13-MI 54 6.8 0.07 1.49 0.05 0.38 0.41 0.05 4.31 <0.02 <0.02 0.11 12.21 0.20 <0.15 3.81 -17.10 -145.1 -8.3 
-15-MI 108 6.6 0.14 3.60 0.17 1.60 2.18 0.38 5.04 0.03 <0.02 0.11 13.78 13.10 0.89 6.71 -22.81 -182.4 0.0 
-16-MI 75 6.7 0.09 3.21 0.11 1.02 1.11 0.20 4.21 0.02 <0.02 0.10 13.27 5.17 0.79 4.88 -17.50 -145.4 -5.4 
-17-MI 57 6.7 0.14 2.98 0.28 2.42 1.44 0.21 3.30 <0.02 0.02 0.07 6.12 6.51 0.30 6.86 -20.87 -162.8 4.8 
-18-MI 42 6.8 0.06 0.89 0.04 0.40 0.39 0.05 2.88 <0.02 <0.02 0.11 8.69 0.62 0.16 3.05 -16.76 -142.7 -8.3 
-19-MI 36 6.9 0.05 0.49 0.03 0.21 <0.1 0.04 2.98 <0.02 <0.02 0.10 7.86 0.20  <0.15 2.59 -16.69 -142.2 -8.3 
Sample ID 
 
EC pH Al Ca Fe K Mg Mn Na Sr Zn F Cl SO4 NO3 HCO3 δ18O δD d excess 
 µS cm-1  mg l -1     mg l -1     mg l -1     mg l -1     mg l -1     mg l -1     mg l -1     mg l -1     mg l -1     mg l -1 mg l -1     mg l -1  mg l -1    mg l -1     ‰  ‰ ‰  
-20-MI 61 6.5 0.16 3.30 0.28 3.55 1.70 0.25 1.73 <0.02 0.03 0.07 3.64 11.31 1.52 3.36 -23.19 -176.3 9.2 
-21-MI 32 6.6 0.13 1.39 0.27 1.99 0.46 0.15 0.92 <0.02 0.02 0.07 4.14 1.26 0.31 3.51 -19.89 -151.9 7.3 
-22-MI 24 6.8 0.07 0.98 0.09 0.60 0.19 0.08 0.81 <0.02 <0.02 0.09 3.46 1.55 0.30 1.98 -20.21 -157.3 4.4 
-23-MI 81 6.8 0.07 1.19 0.07 0.81 1.21 0.07 7.18 <0.02 <0.02 0.13 19.13 0.94 <0.15 2.90 -16.91 -142.9 -7.6 
-24-MI 47 6.9 0.08 0.83 0.07 0.23 0.51 0.07 4.10 <0.02 <0.02 0.09 10.46 0.47 0.21 1.37 -16.70 -143.0 -9.3 
-25-MI 45 7.2 0.12 1.54 0.08 0.36 0.60 0.06 1.99 <0.02 <0.02 0.11 7.84 0.29 <0.15 4.42 -16.94 -143.9 -8.4 
-26-MI 42 7.0 0.06 0.93 0.04 0.33 0.21 0.06 2.33 <0.02 <0.02 0.11 8.61 0.31 0.25 4.73 -17.22 -145.6 -7.8 
-27-MI 90 6.9 0.11 1.77 0.11 0.64 1.18 0.08 6.99 <0.02 <0.02 0.11 19.48 0.40 0.27 8.69 -17.28 -145.7 -7.4 
-28-MI 116 6.9 0.07 2.65 0.06 0.64 1.74 0.06 8.01 0.03 <0.02 0.12 25.24 0.82 0.48 12.81 -17.64 -148.7 -7.6 
-29-MI 25 6.7 0.07 1.05 0.08 0.32 0.38 0.09 0.51 <0.02 <0.02 0.06 1.85 3.89 0.42 2.44 -21.02 -164.6 3.6 
-30-MI 80 6.7 0.06 2.18 0.05 0.38 0.95 0.09 3.76 <0.02 <0.02 0.11 14.31 3.50 0.45 7.63 -17.55 -147.9 -7.5 
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FIGURE S 1 Merged photographs and sampling scheme of (a) the proﬁle 12P1908-A, (b) the proﬁle 12P-2008-A, (c) the proﬁle 12P-2208-A,
samples 12P-2208-A-01 to -23 and (d) the proﬁle 12P-2208-A, samples 12P-2208-A-24 to -30.
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FIGURE S 2 Relative proportions of the most abundant diatom species (>2% abundance per
sample) from short core 80-1 of modern lake sediments. The species are sorted by their weighted
averaging scores from bottom left to upper right to highlight the major stratigraphic changes.
Diatom species from short core of the modern lake sediments were divided into four zones.
Within zone A (24-22 cm depth), 12 taxa were recorded. Dominants and subdominants of the zone
were Staurosirella pinnata, Eunotia incisa, Eunotia praerupta. This zone is associated with a large
share of valves of acidophilic and cold-water species.
Within zone B (22-14 cm depth), 52 taxa were identiﬁed. Along with the increase in species richness,
increase the shares of the valves of species Staurosirella pinnata, Eunotia incisа, new dominants
and subdomains appear - Fragilaria construens, Achnanthidium minutissimum, Cocconeis
placentula, Amphora libyca, species of genus Encyonema, living on submerged aquatic plants -
Encyonema silesiacum, Encyonema mesianum. All this reﬂects the processes of temperature rise
in the environment, lengthening of the growing season and the minerogenic inﬂow from the
catchment area.
Zone C (14-6 cm depth) species richness is 62 species. To small sized, dominant species are
added benthic alkaliphilic large sized slowly growing species as Gyrosigma acuminatum. All these
indicates a further increasing in air temperature, the turbulence and mineralization of water and
decreasing in the water level in the reservoir.
Zone D (6-0 сm depth) also represented by 62 species. Benthic, alkaliphilic, cosmopolitan species
predominate. The zone has the highest percentage of valves of Staurosirella pinnata. All this
indirectly reﬂects an increasing in air temperature, and the period of open water.
FIGURE S 3 Age-depth model for profile 12P-1908-A. The age-depth model was calculated
using Bacon 2.2 modelling routines (Blaauw and Christen 2011) from five AMS 14C dates
and calibrated with the IntCal13 calibration curve (Reimer et al. 2013). The red dotted line
indicates median ages modelled for each centimetre along the core. Calibrated dates are
shown as transparent blue violin plots. Grey stippled lines illustrate 95% confidence intervals
of the modelled age-depth relationship. The three upper graphs describe the quality of
Markov Chain Monte Carlo iterations the model produced. The left graph shows the variance
between iterations. The middle and right graphs show prior (green lines) and posterior
(grey histograms) density functions for accumulation rate and memory. 
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FIGURE S 4 Grain-size distribution curves of the three studied profiles
(a) 12P-1908-A, (b) 12P-2008-A and (c) 12P-2208-A. White dotted
curves shown mean grain-size values and grey shaded area shows
minima and maxima values.
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FIGURE S 5 Organic matter characteristics of sediment samples from the Shirokovsky Kholm Pingo showing (a) the distribution
13C of TOC relationship according to Meyers (1997) and (b) the correlation of TOC and C/N. 
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FIGURE S 6 18
(h-i) major anions from profiles 12P-2008-A and 12P-2208-A. Exceptional high EC of one sample (12P-2008-A-06-PI) in profile 12P-2008-A
is given as dotted circle not to scale.
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(c) diatoms
(d) chironomids
FIGURE S 7 Micropalaeontological proxy data from proﬁle 12P-1908-A of (a) relative proportions of pollen and non-pollen
palynomorphs, (b) testaceans in ecological groups as present-absent information, (c) relative proportions of the most
abundant diatom species (>2% abundance per sample) and (d) relative proportions of the most abundant chironomid taxa.
The diatom species (c) and the chironomid taxa (d) are sorted by their weighted averaging scores from bottom left to
upper right to highlight the major stratigraphic changes.
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(b) cluster dendrogram from agglomerative hierarchical clustering 
Cluster method: complete
Distance:  euclidean
(c) cluster means and standard deviations 
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FIGURE S 8 Results of the cluster analysis given as (a) cluster dendrogram from agglomerative hierarchical
clustering with “complete” as clustering method. Grey numbers refer to the dendrogram edges, red and green
numbers refer to approximately unbiased p-values (AU, in red) and bootstrap probability values (BP, in green)
from the signiﬁcance analysis (Suzuki and Shimodaira 2015), which supplies probabilities for each edge in the
cluster dendrogram, (b) cluster dendrogram from agglomerative hierarchical clustering with “complete” as
clustering method. Colour coding refers to the clusters in which the samples were sorted (two clusters and
two additional samples) and (c) cluster means (coloured bars) and standard deviation (error bars) of EC, pH,
anions, cations, stable isotope signature according to the clusters shown in Figure S 8b. 
